Objective: To evaluate the cost-effectiveness of bedaquiline plus background drug regimens (BR) for multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB) in Italy. Methods: A Markov model was adapted to the Italian setting to estimate the incremental costeffectiveness ratio (ICER) of bedaquiline plus BR (BBR) versus BR in the treatment of MDR-TB and XDR-TB over 10 years, from both the National Health Service (NHS) and societal perspective. Costeffectiveness was evaluated in terms of life-years gained (LYG). Clinical data were sourced from trials; resource consumption for compared treatments was modelled according to advice from an expert clinicians panel. NHS tariffs for inpatient and outpatient resource consumption were retrieved from published Italian sources. Drug costs were provided by reference centres for disease treatment in Italy. A 3% annual discount was applied to both cost and effectiveness. Deterministic and probabilistic sensitivity analyses were conducted. Results: Over 10 years, BBR vs. BR alone is cost-effective, with ICERs of €16,639/LYG and €4081/LYG for the NHS and society, respectively. The sensitivity analyses confirmed the robustness of the results from both considered perspectives. Conclusion: In Italy, BBR vs. BR alone has proven to be cost-effective in the treatment of MDR-TB and XDR-TB under a range of scenarios. 
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List of abbreviations AIFA = Italian National Agency for Drugs BR = background regimens BBR = bedaquiline plus background regimen DST = drug susceptibility testing EMA = European Medicines Agency HIV = human immunodeficiency virus ICER = incremental cost-effectiveness ratio Iv = intravenous LBR = linezolid plus background regimen LN = natural logarithm LYG = life-year gained MDR-TB = multidrug-resistant tuberculosis miTT = modified intent-to-treat NHS = Italian National Healthcare System PSA = probabilistic sensitivity analysis QALY = quality adjusted life year SE = standard error TB = tuberculosis. XDR-TB = extensively drug-resistant tuberculosis
Introduction
Multidrug-resistant tuberculosis (MDR-TB) is a disease caused by strains of mycobacterium tuberculosis resistant to treatment with isoniazid and rifampicin; extensively drug-resistant tuberculosis (XDR-TB) is caused by multidrug-resistant strains which are also resistant to treatment with fluoroquinolone and any of the injectable drugs used in second-line defence, such as amikacin, capreomycin, and kanamycin. [1] [2] [3] MDR-TB and XDR-TB pose serious threats to the progress made in the control of tuberculosis worldwide over the past decade. [1] [2] [3] In 2014, about 480,000 people, i.e. 5% of tuberculosis (TB) cases, in 105 countries, were diagnosed with MDR-TB, of which 190,000 died. A very high mortality rate was registered for XDR-TB worldwide; among 2685 XDR-TB patients in the 2012 cohorts of 41 countries (for whom outcomes were available), 809 (30%) of deaths were reported. [4, 5] The disease is not frequent in Italy, but it is a public health issue, considering that only 58% of patients with TB have a documented treatment success, while there is no such data available for MDR/XDR-TB. In 2014, the National Health Institute performed 2511 antibiograms of which 78 (3.1%) were MDR-TB cases and of them nine (11.5%) had XDR-TB. [6] These numbers may represent an underestimate due to increasing migration from regions where TB is endemic. [7] MDR-TB and XDR-TB represent both a clinical and an economic burden worldwide. Combining direct and indirect costs, it has been estimated that in Europe, the average cost to treat drug-susceptible TB is €10,282 per patient. Costs increase to €57,213 for MDR-TB and to €170,744 for XDR-TB. [8] Particularly in Italy, the mean cost of a patient with TB is €9294 per year, while no detail is provided regarding the cost of MDR-TB and XDR-TB. [8] Treatment of MDR-TB (Table 1) consists of an intensive phase of six to eight months with at least four active second-line drugs (including a quinolone and an injectable agent) added to any first-line drugs, to which the isolate is still susceptible, followed by a continuation phase, lasting at least 12 months after culture conversion. [9] Second-line drugs are more toxic and less tolerated than first-line drugs, and therefore require stricter clinical and laboratory monitoring of patients. Treatment success decreases as a function of the number and type of available drugs. [10, 11] As MDR-TB and XDR-TB cases pose multiple clinical and management problems, it is highly recommended that these patients are referred to specialised centres in this field. [9] In 2013, the European Medicines Agency (EMA) granted marketing authorisation to bedaquiline, the first novel treatment with a new mechanism of action licensed for use in MDR-TB for over 40 years. [12] In 2014, the Italian Drugs Agency (AIFA) approved and reimbursed bedaquiline in Italy. [13] The aim of this study is to estimate the cost-effectiveness of adding bedaquiline (add-on therapy at 24 weeks) to a background regimen (BBR) of at least three proven anti-TB drugs compared with background regimen (BR) alone, in the treatment of MDR-TB in Italy, from both the Italian National Healthcare System (NHS) and the Society perspective.
Methods
A previously developed cohort-based Markov model ( Figure 1 ) [14] was adapted to the Italian Healthcare setting to evaluate the long-term economic and health benefits of achieving sputum culture conversion in patients with MDR-TB and XDR-TB.
The model structure is divided in two main branches: initial diagnosis of MDR-TB or XDR-TB. For patients with an initial diagnosis of MDR-TB, the model consists of eight core health states and six for XDR-TB patients. In the base case, treatment completion is achieved if patients do not fail treatment in the 12 months following sputum culture conversion, to World Health Organization (WHO) guidelines. [9] In the model, patients move between health states, over a fixed 28-day cycle period, in a 10-year timeframe, accruing cumulative costs, gaining life-year (LYG) and quality adjusted life-year (QALY). Each outcome is calculated midway through each cycle, based on the expected state occupancies, as the average of state occupancies at the start and end of a given cycle. The model considers the following time for treatment: for bedaquiline, an add-on therapy duration of 24 weeks; a period of six months (28 days per month) for intensive BR (intravenous); and of 20 months for culture post conversion, in each group of patients; for MDR-TB patients, a maximum period of 20 months is required for treatment (until the treatment is considered to have failed). Clinical trial data were sourced from published scientific literature (Table 2 ). [15] [16] [17] [18] 
Assumptions
The following assumptions were considered in the model:
• The comparative efficacy of BBR versus BR in the treatment of patients with XDR-TB was based on data from the C208 study, [12, 15] which enrolled patients with MDR-TB and pre-XDR-TB. Data on the use of bedaquiline in patients with XDR-TB were available through the C209 study, [12] but since this was an open-label, single-arm study, there was no information from which comparisons *Drugs imported from abroad as not marketed in Italy to placebo and BR could be made. It was therefore assumed that the relative benefits of treatment in the patient group with XDR-TB were equivalent to the relative benefits observed in C208. [12, 15] • The probability of experiencing all events, except for culture conversion and mortality in the general population, was assumed to be fixed over time.
• Relapses and recurrences were only permitted in patients with MDR-TB. Patients with XDR-TB were assumed to achieve conversion, complete treatment and return to general health or receive long-term palliative care for the remainder of the time horizon for those experiencing chronic TB. Placebo and BR 38 (57.6%) 66 BR = background regimens; BBR = bedaquiline plus background regimen; miTT = modified intent-to-treat; SE = standard error
• Withdrawal from treatment was considered only for patients lost to follow-up until death. No costs were applied to this patient group.
• Patients with secondary MDR-TB were assumed to experience a lower rate of culture conversion than patients with primary MDR-TB. The reduced rate of culture conversion was based on a comparison of the rate of conversion in patients with MDR-TB and pre-XDR-TB in the C209 study. [12] • BR was used as an end-of-life care in patients failing treatment.
Adaptation to the Italian setting
An expert panel of recognised Italian clinicians was interviewed through a structured questionnaire to gather information on: patients features (age, percentage of patients XDR-TB and MDR-TB); healthcare resources consumption (routine visits, instrumental tests, hospital admissions), according to treatment pathway; BR drugs used in Italy and consumption percentage for each drug in their hospitals 1, 2 (Table A1) and the end-of-life care costs, which included the cost of BR drugs as well as the hospitalisation costs. A 3% discount was applied to both costs and benefits. [19] Life-years mortality rates were adapted in the model using national statistics. [20] In the analysis, the surgical interventions and related costs were not considered, because this is not the normal practice at this stage of the disease in Italy. Regarding hospitalisations, a mean time of 63 days for MDR-TB patients was considered, and 76 days for XDR-TB patients, for a weighted mean value of 66 days per patient (Table 3) . The costs of healthcare resource consumption was estimated with national inpatient/outpatients tariffs and the threshold for ordinary hospitalization was used. [21, 22] For drugs (Table 4, Table A1 ), the maximum prices that the NHS reimburses, including 10% VAT, were considered. For BR drugs not marketed in Italy, the costs provided by the two reference centres 1,2 were used; whereas, for bedaquiline, the ex-factory price (including 10% VAT) was used. [23] To estimate indirect costs, an average yearly gross salary of €25,804 was considered, [24, 25] divided by the 221 working days estimated in 2014. [26] This resulted in an average daily cost of €116.76 due to productivity loss. The model considered 80.7% [27] employment rate, according to the national statistics of people aged 25-34 years in Italy (Table 3) . 
Base case analysis
In the base case, BBR vs. placebo plus BR are compared. Outcomes are expressed in terms of incremental costs per LYG. The analysis was performed considering both the NHS and the societal perspective.
Sensitivity analysis
Several sensitivity analyses, both univariate deterministic and probabilistic, were developed to test the strength of the results.
Deterministic sensitivity analyses Utility values and QALYs. In the first analysis, QALYs were considered for the compared drugs. All patients were assumed to have active TB and experience the quality of life (QOL) of patients with active disease. To estimate QALYs, utility data from a previous study were used. [30, 31] Bedaquiline plus BR vs. linezolid plus BR. In the absence of randomised comparative studies for linezolid versus other options in the treatment of MDR-TB or XDR-TB, a recent systematic review of singlearm observational studies of linezolid in TB was used.
[32] The model considered an eight-week duration for the add-on therapy with linezolid to BR regimens (LBR), as suggested by the expert panel. For linezolid, the price from the two Italian hospitals 1,2 was used.
Cost of TB transmission. According to the Italian expert panel and literature data, [28, 29] a mean number of 6.5 contacts examined per case were assumed. To estimate the cost of this tracking, the expert panel reported a mean of five chest-ray exams for an average cost of €77.45 per contact (Table 4 ). The average cost per exogenous case of TB was considered to be €9294.
[8]
Price of bedaquiline ± 20%. The strength of the results for BBR vs. BR alone was evaluated, also according to a variable price of bedaquiline of ± 20%.
Hospitalisation over six months. In the last deterministic sensitivity analysis, the weight of the hospitalisation length on the cost-effectiveness results was assessed.
Probabilistic sensitivity analysis
A probabilistic sensitivity analysis (PSA) was developed to estimate the joint uncertainty of costs and effectiveness of key input parameters. A probabilistic distribution was assigned, reflecting both the central estimate (mean) of each parameter, its variance (standard error) and the anticipated shape of the data around its mean. The analysis was performed with 10,000 simulations. The results of the PSA are presented in cost-effectiveness acceptability curves.
Results

Base case analysis
Over the 10-year time horizon, for a mean patient assigned to BBR, the total discounted cost and LYGs were, respectively, €68,323 and 5.18, whereas, for BR, they were €51,615 and 4.17, respectively. The incremental cost-effectiveness ratio (ICER) was €16,639/LYG with the NHS perspective (Table 5) . BR = background regimens; BBR = bedaquiline plus background regimen; LYG = life year gained.
The analysis from the societal perspective shows that the incidence of indirect costs (productivity loss) is very high in both groups (€21,650 for the BBR group vs. €34,261 in the BR alone), and therefore the cost difference between the two groups of treatments is narrowed. The model calculated a mean cost per patient of €89,973 in BBR vs. €85,875 in BR alone. The ICER was €4081/LYG (Table 5) .
Such results show that BBR is a cost-effective option in the treatment of MDR-TB and XDR-TB, both from the perspective of the NHS and the society.
Sensitivity analysis
Deterministic sensitivity analysis Utility values and QALYS. The model estimated a QALY gain of 4.36 for BBR vs. 3.29 for BR alone, with Cost of TB transmission. The model showed that BBR is more favourable when the cost of transmission per patient infected is also taken into account. For each patient treated with BBR, there was 6.48% reduction of transmitted incremental case and 2.32% reduction of cases with an acquired resistant type. Considering the TB transmission, the mean additional costs per BBR patients of €3571 and of €4157 per BR patients were calculated. With this additional variable, the ICER becomes €16,055/LYGs for the NHS and €3497/LYGs for society.
Price of bedaquiline ±20%. With a 20% price increase per bedaquiline, results from the NHS perspective showed a BBR ICER of €21,244/LYG vs. BR alone. From the societal point of view, the ICER per BBR patient was €8685/LYG. With a 20% price decrease per bedaquiline, results from the NHS perspective showed an ICER of €12,034/LYG vs. BR alone, while from the societal point of view, results showed that BBR vs. BR alone was 'dominant' (more effective and less costly).
Hospitalization over six months. In the last deterministic sensitivity analysis, hospital costs were €28,224 per BBR patient and €36,999 per BR patient. Considering the NHS perspective, the total cost was €78,176 per BBR and €66,588 per BR alone, with an ICER of €11,541/LYG. From the societal perspective, the total cost was €99,826 per BBR and €100,848 per BR alone, so the results showed that BBR was the 'dominant' therapeutic pathway.
Probabilistic sensitivity analysis
From the NHS perspective, the probability that BBR versus BR alone is cost-effective at an affordability threshold of €40,000 per LYG [19] and €60,000 [33] was 88% and 96%, respectively (Figure 2 ). From the societal perspective, the probability that BBR is cost-effective at the above-mentioned thresholds was 94% and 97%, respectively (Figure 3 ). The strategy of BBR was cost-saving (and dominant) versus BR alone in 19% of probabilistic simulations. Considering a hospital stay of six months, the results of the PSA are more favourable, though closer to the base case scenario (with 63 days of hospital stay for MDR-TB patients and 76 for XDR-TB). Considering the societal perspective alone, the probability that BBR is dominant is 45%.
Discussion and conclusion
BBR is highly likely to be cost-effective in most environments and its impact on costs will depend on price and the cost savings from retreatment. This saving effect will benefit countries, either with higher retreatment costs or higher current levels of treatment failures. [34, 35] However, only very few incremental cost-effectiveness analyses on different MDR-TB treatment options have been published, and these refer to low or middle-income countries, where routine sputum culturing and drug susceptibility testing is not always available. [36] For example, a recent review comparing MDR-TB interventions in Estonia, Peru, Philippines and Russia found that the cost per patient was US$10,880 (€8190), US$2423 (€1824), US$3613 (€2720) and US $14,657 (€11,033), respectively. [37] The best estimates of the cost per averted disability-adjusted life-year (DALY) were US$598 (€450), US$163 (€123), US$143 (€108) and US$745 (€561). [25, 37] Cost varied according to different settings, for example, the lowest cost per DALY was found in Peru, where outpatient care, using a standardized regimen without drug testing, was principally employed. [37] A preliminary 'exploratory' cost-effectiveness analysis on the practice of adding bedaquiline to the MDR-TB treatment regimen in six low-to middle-income countries showed that on a 20-month timeframe, BBR was considered cost-effective compared to a BR-alone strategy. [35] Another study showed that in MDR-TB patients, BBR vs. BR alone in high income countries is a dominant strategy, with cost-savings of £11,434 (€14,184) and an additional 1.14 QALYs per patient. [16, 25] The study focused on high cost savings due to fewer hospitalizations and less medical management in the outpatient setting. [16] The results of our study demonstrate that, in Italy, adding bedaquiline to BR would be cost-effective through a range of different scenarios. In Italy, there are no official thresholds provided by the Ministry of Health or AIFA, but in general, thresholds between €25,000 and €60,000 per QALYs or LYGs are considered acceptable. [19, 33] Our analysis showed that ICERs were also under the lowest threshold and the results were confirmed in every sensitivity analysis; also when a 20% increase in the bedaquiline price was considered, it remained costeffective (€26,481 for 188 tablets). The analysis was very conservative because it considered low hospital and outpatient costs, compared with other international and Italian analyses. Bocchino [38] showed a cost of TB case hospital management between €8509 in patients who die, up to €23,380 per patient transferred out. In [14] , the cost of hospitalization in patients with BBR is twice the cost of the drugs and outpatient costs are similar to those of the drugs, whereas, in our analysis, we used very low (about nine times lower) hospital and outpatient costs.
Another important point is that the best ICERs are achieved with the societal perspective, because the disease has a big impact also on indirect costs and productivity loss in general. In the base case, cost savings of €12,844 per patient were obtained with BBR on indirect costs; these increased to €13,470 per patient when the cost of contact tracing and additional TB cases was considered. Such results are particularly relevant for infectious diseases like MDR-TB and XDR-TB. It is important to highlight that the analysis did not account for the out-of-pocket expenses (that is, nonreimbursed drugs and travel expenses to the hospital, as well as productivity loss by relatives/caregivers). On the other hand, it is important to highlight that bedaquiline is reimbursed and indicated for the specific treatment of MDR-TB and XDR-TB, while some drugs in the BR regimens are not always available in the Italian market. This forces hospitals to buy such drugs abroad with the risk of stock-outs.
As already stated, [14] the analysis has some limitations because the model was developed using assumptions that simplified the treatment pathway. At present, there are no data on the comparative efficacy of BBR versus BR alone in patients with XDR-TB. In the economic model, the relative efficacy of treatment from the C208 study (MDR-TB to pre-XDR TB) was used to evaluate the treatment effect in this patient group. [12, 15] It is unclear whether the benefits observed in C208 can be extrapolated to a group with XDR-TB, although the results of the C209 open-label study, in which a substantial cohort of XDR-TB patients were treated with success, provide evidence that this extrapolation is justified. [12] Any conclusions on the incremental cost-effectiveness of BBR vs. LBR should be treated with caution, due to the weaknesses in available data for either comparator.
Despite the limitations, our analysis shows that BBR vs. BR alone is a cost-effective strategy and its costeffectiveness is even greater when considering the societal perspective.
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